Introduction
Fluorescent nanodiamonds (FNDs) are a recently introduced class of biocompatible [1] [2] [3] [4] [5] [6] luminescent probes. [7] [8] [9] [10] Their exceptional optical properties for bioimaging are facilitated by the presence of nitrogen-vacancy centers, NV, which are localized defects of the diamond crystalline lattice. [ 11, 12 ] The NV center is extremely photostable, showing no photobleaching or photoblinking. Upon excitation by green light (typically 532 nm wavelength laser), NV center emits in red to near infrared part of spectrum (emission maximum ∼700 nm for the negatively charged NV − center [ 12 ] ) with high quantum effi ciency (up to 90% in nanodiamond). [ 13 ] Its fl uorescence therefore falls into the so-called tissue absorption window and is well-separated from cell or tissue autofl uorescence. [ 14 ] FNDs were successfully used as fl uorescent probes [15] [16] [17] [18] and sensors [ 19, 20 ] in vitro, allowing for single particle tracking inside cell. [ 21 ] They were also successfully visualized and tracked in small mammals. [ 2 ] Unique electron structure of NV center allows for selective turn-off of its emission by external electromagnetic fi eld. [ 19, 22, 23 ] This property was successfully used for background-free imaging of nanodiamonds. [ 24, 25 ] Fluorescence lifetime of NV center (>10 ns) is substantionally longer than lifetime of autofl uorescence (<4 ns). Therefore use of time-gated techniques like fl uorescence lifetime imaging microscopy (FLIM) is also a way to suppress background signal, as shown for cells in culture [18] and recently demonstrated in vivo . [ 26 ] In vivo long term cell tracking is an essential method in cell-based therapies such as adoptive immunotherapy and stem-cell therapy. [ 27, 28 ] The biocompatibility of FNDs, their absolute optical stability and ability to observe them in vivo makes them an ideal candidate for in vivo long term tracking of stem cells, as was recently demonstrated. [ 29 ] Although unmodifi ed FNDs have been demonstrated as biocompatible nanoparticles, [ 1, 3, 4, 17, 30 ] a better control of nanodiamond properties is crucial for development of highly sophisticated probes enabling, for example, construction of multimodal nanoprobes or stealth [ 31 ] FNDs, which are able to target selectively cancer cells and tumors in vivo. Among the key issues of FND are still limited options for their bioorthogonal modifi cations by biomolecules, their colloidal behavior in buffers and biological media as well as a control of their size and shape. Overcoming these issues is essential for construction of advanced bioprobes.
We focused on optimizing properties of the brightest available FNDs that can be prepared from high-pressure high-temperature (HPHT) type nanodiamonds (NDs). [ 18, [32] [33] [34] Although chemical modifi cations on the surface of detonation NDs is well described and many approaches for introduction of various functionalities were described, [35] [36] [37] [38] the situation with HPHT NDs is more complicated due to their lower reactivity and surface/volume ratio. Direct covalent attachment of (bio)molecules to HPHT NDs surface is performed typically via amide bonds, [ 39 ] adsorption of proteins [ 2, [40] [41] [42] or functionalization of artifi cially created surface graphene structures. [ 43 ] Because these conjugation reactions are rather nonspecifi c, the attention is currently paid onto sophisticated organic systems enabling selective, bioorthogonal bond formation. [ 44 ] As typical colloidal dispersions, unmodifi ed NDs in solution lose their colloidal stability at higher ionic strength and aggregate. [ 44, 45 ] This behavior presents a serious disadvantage for direct biological application, as all biological liquids or cultivation media contain high concentrations of salts. Saltcaused aggregation could be overcome by chemical modification of the ND surface [ 46 ] or by attachment of hydrophilic polymers [47] [48] [49] [50] or proteins [ 2, [40] [41] [42] to the ND surface. Strikingly, in contrast to many kinds of nanoparticles that can now be controllably engineered with well-defi ned geometric and chemical properties, [ 51, 52 ] the control of HPHT ND shape is still in beginning. The available materials consist of heterogeneous nanoparticles of very irregular shape [ 21 ] bearing sharp edges and spiky vertexes ( Figure 1A) .
In a majority of publications the NDs are considered biocompatible and no toxicity was observed in cell full papers studies [1] [2] [3] [4] [5] 17, 18, 53 ] nor in animal models experiments [ 2, [54] [55] [56] (for a review see ref. [4] ). However, several recent works document toxic effects of NDs in vitro [ 57, 58 ] as well as in vivo, [ 59 ] indicating that their biocompatibility should not be overgeneralized. Generally, a nanoparticle's biological response strongly depends on its size and shape (for a review see refs. [31, 60] ) The shift from spherical to non-spherical shapes can signifi cantly affect the behavior of a nanoparticle in biological environment [ 61 ] During fi nishing of this article three pioneering works dealing with the spiky ND shape appeared. [62] [63] [64] Among others it has been demonstrated that coating by silica shell can transform NDs to pseudo-spherical particles of improved shape homogeneity. [ 63, 64 ] Here we introduce a composite surface architecture on bright HPHT FNDs enabling selective bioorthogonal attachment of various (bio)molecules by click chemistry. The architecture comprises silica shell, which normalizes the spiky ND shape into pseudo-spherical. The silica surface allows simple modifi cation with polyethyleneglycol (PEG) chains, responsible for colloidal stability of particles in buffers. The PEG chains can be further modifi ed with a molecule of choice using click reaction. Obtained particles are fairly monodisperse in shape and colloidaly stable in ionic buffers. Noteworthy, the surface architecture has no adverse effects on the unique fl uorescence of NV centers. Comparing to non-coated NDs, we demonstrate superior behavior of coated NDs in in vitro tissue culture; their application for prostate cancer cell labeling and imaging is shown.
Results and Discussion

Preparation and Structure of the ShellCoated NDs
The architecture is designed from two covalently connected layers surrounding the ND particle: i) a solid crosslinked silica shell [ 65 ] bearing ii) a fl exible polyethylene glycol (PEG) layer ( Scheme 1 A). The particle is therefore exposed to solution by a polymeric interface that protects it from electrolyte-induced precipitation. At the same time we took advantage of PEG heterofunctionality and we decorated the small 2014, 10, No. 6, 1106-1115 Scheme 1. The schematic structure (A) and preparation (B) of the particles. The fl uorescent diamond nanocrystal is consecutively coated by silica shell (pink), thin crosslinked aminopropyl-silica shell (violet), and PEG-alkyne layer (dark violet). Azide-labeled 125 I-RGDS peptide ( ND5a ), coumarin ( ND5b ), and fl uorescein ( ND5c ) moieties are attached. TEOStetraethoxysilane, BTSE -1,2-bis(triethoxysilyl)ethane, APS -(3-aminopropyl)triethoxysilane, PVP -polyvinypyrrolidone, EEDQ -2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline, DMAP -dimethylaminopyridine.
opposite ends of polymer chains by alkyne moieties enabling the use of click chemistry. [ 66 ] The silica shell can be grown by controlled hydrolysis of tetraalkoxysilylesters or substituted trialkoxyalkylsilylesters, [ 67 ] in which the alkyl group allows further surface modifi cation. The presence of the alkyl group, on the other hand, weakens the compactness of the shell, making it hydrolytically labile and also colloidally unstable in aqueous media. [ 68 ] To avoid hydrolytic lability, we used a crosslinking agent, bis(triethoxysilyl)ethane (BTSE), that improves the shell's resistance to hydrolysis [ 69 ] (Scheme 1 B). First, the TEOS-based shell was formed ( ND2 ), followed by growth of a crosslinked amino-functionalized layer from a mixture of APS and BTSE ( ND3 ). Notably, this procedure enabled direct functionalization of nanodiamond by silane-based moieties without any reductive pretreatment that is an essential step in anhydrous silylation procedure introduced by Krueger and collaborators. [ 36 ] Amino-modifi ed silica surface was used for attachment of the heterobifunctional PEG chain bearing N -hydroxysuccinimidyl group at one end of the chain and alkyne moiety at the other. N -hydroxysuccinimidyl group served for formation of an amidic anchor, whereas the alkyne moiety was used for attachment of various molecules to the particle by click chemistry in the next reaction step.
The composition of the shell was confi rmed by IR spectroscopy indicating the presence of both Si-O bands and characteristic diamond bands (Figure 2 ). The characteristic peaks present in all silica-coated samples at about 1110 cm −1 correspond to the asymmetric stretching vibrations of the Si-O-Si from silica shells. The peaks at about 1640 cm −1 and 3450 cm −1 also indicate the formation of silica coating on the surface, corresponding to silanol groups (Si-OH) as well as to OH groups from nanodiamond and residual water. Bands at 2900, 1467, and 1355 cm −1 are characteristic for PEG. The bright fi eld transmission electron microscopy (BF-TEM) images in Figure 1 show NDs before and after encapsulation. The diamond particles themselves ( ND1 , Figure 1 A) are of irregular shape (circularity ∼0.67), with sharp edges and often elongated in one dimension (needlelike). Their diameter (expressed as average circular equivalent diameter -see Supporting information) is 27 ± 7 nm. After coating (Figure 1 B-D) , the particles become more spherical (circularity ∼0.87), and their diameter rises to 66 ± 10 nm (Figure 1 E) . Notably, spherical shape of nanoparticles is generally considered as the proper, biocompatible geometry for bio-applications. [ 61, 70 ] The optimal size of nanoparticular biolabels is considered to be between 10 and 100 nm, depending on specifi c application. [ 31 ] Both original and coated particles fall into this size range. The total mass of the sample rises approximately 4-fold upon encapsulation, which corresponds to the data from elemental analysis ( Table 1 ). The thickness of the shell can be varied by changing the amounts of silylesters during encapsulation. Indeed, the thinner shell leads to smaller particles, however, their shape is more distant from spherical ( Figure S1 in Supporting information).
In order to confi rm the presence of the various coatings on ND4 directly, we performed spatially resolved electron energy-loss spectroscopy (EELS) measurements using the spectrum imaging technique in STEM mode [ 71 ] ( Figure 3 ). The acquired EELS data were used to generate an elementspecifi c map for silicon and element-and bond-specifi c maps for amorphous carbon and diamond. The diamond map in Figure 3 C confi rms the size and irregular shape of the diamond core. The Si map shows the ∼10-20 nm thick silica shell surrounding the diamond core. Some amorphous carbon is measured at the surface of the diamond core in the amorphous carbon map, which is to be expected in most ND samples. [ 72 ] The predominant amorphous carbon signal, however, arises from the thin layer of PEG at the surface of the silica coating.
Stability Studies and Chemical Modifi cations
Because low colloidal stability of nanoparticles in buffers and biological liquids is a typical limitation for their applications in biodisciplines, we tested the stabilization effects of this PEG layer on the particles. The difference between ND1 and ND4 particles after dissolving in PBS buffer is clearly observable with the naked eye ( Figure 4 ). Aggregation of colloidal aqueous solutions of ND4 at various pH and ionic strength were further monitored using dynamic light scattering ( Figure S2 in Supporting Information). The particles were colloidally stable (i.e., their hydrodynamic diameter remained unchanged within the experimental error) across a wide working pH range (2-10) and extreme ionic strength (1 M NaCl). After one week a precipitation was observable small 2014, 10, No. 6, 1106-1115 Figure 2 . Normalized IR spectra of noncoated ( ND1 ), silica-coated ( ND2 ), aminosilica-coated ( ND3 ), and PEGylated aminosilica-coated ( ND4 ) fl uorescent nanodiamonds. For clarity, spectra are shifted along the y-axis.
in the alkaline solution (pH = 10) only, while the other alternatives were stable at least for two weeks. Furthermore, particles exhibited long term (at least 1 month) stability in PBS and tissue culture media, which is essential for their use in bioapplications.
The function of the mid-size (5000 Da) heterobifunctional PEG in the surface architecture is not only a colloidal protection: its terminal alkyne group exposed to the solution is available for selective attachment of various (bio) molecules via click chemistry. In order to demonstrate the applicability of particles as a modular platform for construction of different probes, three selected azide-modifi ed molecules were attached to the ND4 particles:
125 I-labeled RGDS peptide [ 73, 74 ] ( ND5a ), coumarin [ 75 ] ( ND5b ), and fl uorescein [ 76 ] ( ND5c ) (for structures see Scheme 1 B).
The RGDS peptide exhibits targeting properties towards tumor cells and here served as a model structure for our future studies. Its radiolabeling [ 73 ] enabled highly sensitive monitoring of conjugation yield by radioactivity measurements. The consecutive post-reaction washing steps ( Figure S3 in Supporting information) revealed that only a small amount of peptide can be released after the excess from reaction has been washed away. The total load of peptide estimated from radioactive measurements was 8 µmol g −1 . To confi rm that the peptide is bound selectively by click chemistry and not only adsorbed to the particle surface, a control reaction without Cu I catalyst was performed. The total amount of peptide attached in control was only ∼4% of the load reached by reaction in the presence of Cu I catalyst. The vast majority of RGDS attached by reaction in presence of catalyst was therefore covalently bound to the PEG chains, and only a very small fraction of physisorbed peptide remained on the particles after post-reaction washings. Because presence of hydrophobic RGDS peptide on a nanoparticle can lead to its aggregation, we tested also the longterm colloidal stability of conjugate ND5a in PBS buffer using DLS. The colloidal behavior introduced already by PEG layer was preserved even after attachment of the peptide: the particles remained stable for at least one month.
To directly confi rm the covalent grafting mechanism, the fl uorogenic probe coumarin azide [ 75 ] was attached to the particles, providing ND5b . The dye itself is non-fl uorescent, but a highly fl uorescent structure is formed upon cycloaddition to an alkyne. Compared with the control sample reacted in the absence of Cu I , the reaction of coumarin azide with the particles in the presence of Cu I catalyst produced a characteristic bright fl uorescent product ( Figure S4 in Supporting information).
Spectroscopic Characterization
Modifi cation of FND surface chemistry has been shown to produce changes in NV centers charge state which is strongly refl ected in fl uorescence spectra. [ 77 ] To evaluate the possible infl uence of the silica shell on FND fl uorescence, we measured the photoluminescence spectra for ND1 and ND4 ( Figure 5 ). The normalization to the diamond Raman signal enabled us to compare the relative change in fl uorescence caused by formation of the shell. The spectra show that the shell behaves as an inert translucent layer: its presence has no signifi cant infl uence on the fl uorescence and the spectrum retains its intensity and characteristic shape.
For detailed understanding of the conjugation process and quality of the resulting conjugate we aimed to measure the fraction of FNDs that are not properly modifi ed by either silica shell or PEG-alkyne and therefore cannot be further modifi ed by click reaction. Using total internal refl ection fl uorescence microscopy (TIRF) we characterized conjugate ND5c bearing a secondary fl uorescent probe, fl uorescein, [ 76 ] at the single particle level. From 5 measurements, we counted 400 red spots that colocalize with green ones, and only 20 that do not colocalize ( Figure S6 in Supporting information). This result confi rmed us that the vast majority (>95%) of the FNDs are properly modifi ed and the reaction procedure, although performed in very diluted solutions (240 µM fl uorescein-azide), is robust enough to provide high yield conjugation (for experimental details and further discussion see Figures S5-S7 in Supporting information). It should be noted, that the total load of fl uorescein on particles was 9 µmol g −1 of NDs (estimated by UV-Vis spectroscopy) which is in agreement with conjugation yields of RGDS peptide (8 µmol g −1 , see above). Because the loads of both molecules obtained by different methods (scintigraphy and UV-Vis spectroscopy, respectively) are in excellent agreement despite the different character of the molecules, this load represents apparently an upper limit for covalent attachment of molecules to the particles. The quantities can be recalculated, using simple spherical model, giving a number of approximately 2000 molecules attached to a single nanoparticle. This quantity is suffi cient not only for targeting of a probe, but also for applications more demanding on a cargo payload, like MR imaging contrast agents or drug delivery systems.
Imaging of Coated NDs in Cells
We examined the differences between ND1 and ND4 particles in interaction with human prostate cancer cells. The unmodifi ed, "naked" nanoparticles have due to high free energy to the environment a much greater nonspecifi c affi nity for the cell surface than particles modifi ed by proteins [ 78 ] or sterically protecting polymers. Using in vitro tissue culture experiments, we examined whether the shell structure on ND4 is able to compensate this effect compared to "naked" ND1 . For this experiment we choose serum-free PBS buffer, a well-defi ned medium enabling control and analysis of binding events on cells. [ 79 ] We dispersed both ND1 and ND4 particles in PBS buffer and exposed cells for one hour to this solution. After washing the cells with ND-free PBS buffer we observed the cellular localization of the particles using confocal microscopy ( Figure 6 ). While the ND4 were found internalized inside prostate cancer cells (LNCaP cell line), the ND1 were mostly adhered on the cell membrane. This difference may be explained by the observation that ND1 are strongly aggregating and subsequently precipitating in PBS buffer (Figure 4 ) , while the ND4 are colloidaly stable under these conditions (see above). We hypothesized that the presence of large aggregates of ND1 formed in the buffer promotes cell binding but prevents internalization, possibly because the larger aggregates are energetically not favored to be endocytosed.
To prevent the aggregation as well as decrease the free energy of particles we preincubated ND1 in cell growth medium containing serum. Noncovalent adsorption of serum albumin has been already described as an option for stabilizing NDs in aqueous solutions. [ 21 ] We tested the aggregation state of ND1 in cell media using DLS, which showed rapid formation of still ≈600 nm large aggregates. Due to serum full papers proteins stabilization the ND-serum complex did not further agglomerate or precipitate for several days (in contrast to ND1 which precipitates in PBS in less than 30 minutes). In cell experiment, we indeed observed very similar behavior for both serum media treated ND1 and ND4 samples: the particles were internalized into cells without nonspecifi c cell membrane adhesion ( Figure S8 in Supporting information). However, in case of ND1 the cells were interacting with very different, 600 nm particles resulting from association of ND1 nanoparticles in presence of serum proteins and ions from medium. In contrast, colloidal behavior of ND4 was not infl uenced by any biologically relevant liquid used in study (see Figure S2 ) and particles we taken up in non-aggregated form.
From these studies, it is clear that the shell architecture, or more precisely its bionanointerface formed by hydrophillic PEG, prevents the nonspecifi c adsorption of particles to the cell membrane. This property is a key starting point for any study on cell recognition or targeting.
Conclusion
In summary, this study introduces hybrid near-spherical nanoparticles combining the advantages of fl uorescence of NV color centers in NDs with a bio-orthogonally reactive translucent shell. We have demonstrated in bulk solution as well as at the single particle level that the surface architecture is not quenching or otherwise modifying the unique fl uorescent properties of NV centers. The attachment of molecules or biomolecules can be performed selectively at high conversion efficiencies using click chemistry in aqueous buffers or biological media while keeping the excellent colloidal stability of the particles. Morever, the bionanointerface of particles prevents their nonspecifi c adhesion on cell membrane, as proven on human prostate cancer cells. Our design based on unique photophysical properties of non-photobleachable NV center in combination with silica coating can therefore serve as a versatile biocompatible platform, providing new directions for construction of various sophisticated imaging probes or targeted systems. [ 80 ] 
Experimental Section
Chemicals and Solvents : Tetraethoxysilane (TEOS), 1,2-bis(triethoxysilyl)ethane (BTSE), (3-aminopropyl)triethoxysilane (APS), polyvinypyrrolidone MW = 10 000 g mol −1 (PVP), 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline (EEDQ), and dimethylaminopyridine (DMAP) were purchased from SigmaAldrich. NHS-PEG(5000)-alkyne (Scheme 1 B) was purchased from Iris Biotech. 125 I-labeled RGDS peptide azidopentanoyl-GGGRGDSGGGY( 125 I)-NH 2 , [ 73 ] coumarin-azide, [ 75 ] fl uoresceinazide [ 76 ] (Scheme 1 B) , and THPTA ligand [ 66 ] were synthesized according to published procedures.
Infrared (IR) spectroscopy : IR spectra were recorded from 4000-400 cm −1 on a Bruker Equinox spectrometer using KBr pellets. The sample weight was 1.0 mg/pellet for all samples.
Raman Spectroscopy : Photoluminescence spectra were measured with a Renishaw InVia Raman Microscope at an excitation wavelength of 514 nm with 25 mW laser power. Spectra were recorded at room temperature and normalized to the diamond Raman peak (excitation at 488 nm). The measurements were performed on aqueous solutions (as received, 1:1, 1:2, 1:5, and 1:10 dilutions) in a Hellma fl uorescence cuvette (type no. 105.252-QS). A set of 10 measurements was performed on each sample. All spectra were normalized to the diamond Raman peak.
Elemental Analysis : Elemental analysis was performed with a CHN PE 2400 Series automatic analyzer. Each sample was measured three times, and the results were averaged.
UV-Vis Spectroscopy : UV-Vis spectra were recorded with a Specord 210 (Analytik Jena) spectrometer in the 300-700 nm range at room temperature with an optical path of 1 cm.
Luminescence Spectroscopy : Luminescence measurements were performed on an Edinburgh Instruments FS900 spectrofl uorimeter, equipped with a 450 W xenon arc lamp, a microsecond fl ash lamp, and a red-sensitive photomultiplier (300-850 nm).
Electron Microscopy : To prepare the samples, a drop of diluted colloidal solution was placed on a carbon-coated copper grid and left to dry. Bright fi eld transmission electron microscopy (TEM) experiments presented in Figure 1 A and S1 were performed using a JEOL JEM-1200EX electron microscope operated at 60 kV. All other TEM, high resolution TEM, STEM, and spatially-resolved EELS experiments were carried out on a FEI Titan 80-300 "cubed" microscope fi tted with an aberration-corrector for the imaging lens and the probe forming lens and a GIF Quantum energy fi lter for spectroscopy, operated at 80 kV to minimize knock-on damage to the sample. STEM-EELS experiments were performed using a convergence semi-angle α of ∼21 mrad and a collection semi-angle β of ∼200 mrad, using a beam current of approximately 80 pA. A fi ne electron probe (diameter ∼1.5 Å) was scanned over a region of the sample, acquiring an EELS spectrum at each point. All spectra were acquired at an energy dispersion of 0.4 eV per pixel and an energy resolution of approximately 1.2 eV. Chemical maps for the C signals (amorphous carbon and diamond) were generated by fi tting the carbon K-edge to known references for diamond and amorphous carbon. The Si maps were generated by plotting the intensity under the background-subtracted Si L 2,3 -edge in each pixel using a 22 eV broad energy window.
The size distributions of coated and noncoated particles in TEM microphotographs were calculated with ImageJ software, using more than 150 particles for each sample. Average particle sizes are expressed in the form of average circular equivalent diameter. It is defi ned as the diameter of a spherical particle that has the same area as the observed particle.
Dynamic Light Scattering (DLS) : DLS was recorded with a Zetasizer Nano ZS system (Malvern Instruments) at room temperature. Sample concentrations were 0.05 mg/mL.
Radioactivity Measurements : Gamma emission of 125 I was measured with an ionization-chamber Bqmetr 4 applied activity indicator (Empos, Prague, Czech Republic). The concentrations of RGDS in samples were calculated from a measured activity of a sample and known activity per 1 mg of labeled RGDS. [ 73 ] Total Internal Refl ection Fluorescence (TIRF) Microscopy : The TIRF microscope is a home-made setup relying on a Zeiss Axiovert 35 mount and a x100 and 1.49 numerical aperture microscope objective (Ref. UAPON 100XOTIRF, Olympus, Japan). We used continuous-wave diode-pumped solid-state lasers sources, one at a wavelength of 488 nm and 50 mW maximum power for fl uorescein excitation (Sapphire 488-50 LP, Coherent Inc., USA) and the other at 561 nm for excitation of NV color centers in nanodiamonds, at 100 mW maximum power (SLIM-561-100, Oxxius S.A., France). We used two different fi lter sets depending on the detection channel: the "green channel" dedicated to fl uorescein and the "red channel" for FND fl uorescence. The "green channel" fi lter set is composed of a dichroic beamsplitter (Ref. z488rdc Chroma, AHF Analysentechnik, Germany) and a 50 nm band-pass fi lter centered on 525 nm, which is close to the maximum of fl uorescein fl uorescence (ET525/50, AHF). The "red channel" fi lter set is composed of a dichroic beamsplitter with a sharp edge at 561 nm and a 97% fl at transmission above this wavelength (Ref. ZT561rdc Chroma, AHF) and a 75 nm band-pass fi lter centered on 697 nm, which is the maximum of the NV color center fl uorescence (HC 697/75, Ref. F39-697, AHF). The detection was performed with a cooled electron multiplied CCD array detector (iXon-DU885, Andor Technology, Ireland).
For colocalization statistics, fi ve TIRF fi elds of view were analyzed (an example of one fi eld is depicted in Figure S6 ). To obtain similar maximal counting rates of 160 kilo counts/s (kcts/s), excitation laser intensities of 32 kW cm −2 at a 561 nm excitation wavelength ( Figure S6A ) and 3 kW cm −2 at a 488 nm excitation wavelength ( Figure S6B ) were used.
Confocal Microscopy : Confocal microscope Zeiss LSM 780 was equipped with the In-Tune laser (with minimum power 1.5 mW per wavelength) tuned to 532 nm wavelength and an oil-immersion objective (Plan-Apochromat 63x/1.40 Oil DIC M27). The fl uorescence images were collected in ZEN 2011 software at room temperature using InTune laser, intensity 100% at 532 nm, QUASAR PMT spectral channel #34 in range 639-758 nm with master gain set to 1200 V (or 850 V in case of ND1 pre-incubated in PBS), offset 0, digital gain 1, pinhole at diameter 67 µm (1.35 Airy unit) and with line averaging 2. For continuous maintenance of focus Definite focus was used. Images were processed using the GIMP2 Program where images were cropped to selection and input level of black points was set to 15. Fluorescence from nanodiamonds is displayed in false colors in red-to-white LUT.
Nanodiamond Pretreatment ( ND1 ): Nanodiamonds were supplied by Microdiamant Switzerland (MSY 0-0.05). The particles were oxidized by air in a Thermolyne 21100 tube furnace at 510 °C for 5 hours. The nanodiamonds were subsequently treated with a mixture of HNO 3 and H 2 SO 4 (85 °C, 3 days), washed with 0.1 M NaOH and 0.1 M HCl, washed fi ve times with water, and freeze-dried. [ 41 ] Purifi ed nanodiamond powder (160 mg), containing approximately 100-200 ppm of natural nitrogen impurities, was pressed in an aluminum target holder and irradiated with a 15.5 MeV proton beam extracted from the isochronous cyclotron U-120M for 70 min (fl uence 6 × 10 16 cm −2 ). The irradiated material was annealed at 900 °C for 1 h and subsequently oxidized for 6 h at 510 °C. The nanodiamonds were then treated with a mixture of HNO 3 and H 2 SO 4 (85 °C, 3 days), washed with 0.1 M NaOH and 0.1 M HCl, washed fi ve times with water, and freezedried. Prior to use, the particles were dissolved in water (2 mg/mL) and sonicated with a probe (Cole-Parmer, 750 W) for 30 minutes. The resulting transparent colloid was fi ltered using a 0.2 µm PVDF microfi lter to provide colloidal solution of ND1 particles.
Coating of Nanodiamond Particles with Amino-terminated Silica ( ND3 ): Polyvinylpyrrolidone (96 mg, 9.6 µmol) was dissolved in water (204 mL) and sonicated for 10 minutes in an ultrasonic bath. ND1 colloid (6 mL, 2 mg mL −1 ) was added, and the mixture was stirred for 24 hours. The colloid was then concentrated via centrifugation in two steps. In the fi rst step (40, 000 rcf, 1 hour) , the volume was reduced to approximately 12 mL. The second centrifugation step (30,000 rcf, 30 min) was performed in microvials and reduced the solvent volume to approximately 0.4 mL. Sedimented nanodiamonds were resuspended in ethanol (12 mL) in a round bottom fl ask and sonicated in an ultrasonic bath for 2-4 min. TEOS (112 mg, 539 µmol) was added. After 2 minutes of vigorous stirring, ammonia solution (25%, 500 µL) was added, and the reaction mixture was stirred for 14 h, affording ND2 . BTSE (12 mg, 34 µmol) and APS (12 mg, 54 µmol) were added to the solution. After approximately 2 h, the reaction mixture became turbid, a portion of particles slowly precipitated from solution and stuck to the walls of the reaction vessel. The reaction mixture was stirred for an additional 24 hours. The product was purifi ed by centrifugation (14,000 rcf, 5 min) with ethanol (12 mL, 4x) and MeCN (12 mL, 2x) and was dissolved in 6 mL of MeCN. The ND3 particles were stored in the freezer (-18 °C) as a stable colloid for several weeks without changes in particle characteristics (confi rmed with TEM, and DLS) or reactivity.
Grafting of PEG Chains ( ND4 ): NHS-PEG-alkyne (42 mg, 8.4 µmol), EEDQ (8.4 mg, 34 µmol), and DMAP (4.1 mg, 34 µmol) were dissolved together in 6.4 mL MeCN. The resulting solution was placed into an ultrasonic bath cooled to 18 °C. Using a syringe pump, the ND3 colloid (6 mg ND, i.e., 24 mg of particles in 3 mL solution) was slowly added to the reaction mixture in 30 min. The mixture was sonicated at 18 °C for an additional 2.5 hours and then gently shaken for 16 hours. The product was purifi ed by centrifugation (14 000 rcf, 5 min) with MeCN (6 mL, 3x), ethanol (12 mL, 1x), and water (6 mL, 2x) and was dissolved in water or PBS (3 mL). For long term storage, the product ( ND4 ) was kept in MeCN at −18 °C. The click reactions were performed similarly to those described in ref. [4] by mixing reactants in a 1.5 mL vial in the following order and quantities:
The vials were well-sealed and kept for 3 h without stirring or shaking. Nanoparticles ND5a , ND5b , and ND5c were isolated in almost quantitative yield by centrifugation (14 000 rcf, 5 min) and washed with water (1×, 1 mL) and PBS buffer (3×, 1 mL). The amount of molecules attached to the nanoparticles after every washing was quantifi ed by UV-Vis spectrophotometry in the case of fl uorescein azide or by radioactivity measurements in the case of 125 I-labeled RGDS (see Figure S3) .
Cell Culture and Cellular Uptake : LNCaP cells (human prostate cancer cell line, ATCC) were grown in RPMI medium (Sigma) with 10% FBS serum (Sigma) in Petri dish with No. 1.5 glass bottom D35C4-20-1.5-N (BioPort Europe, s.r.o.) at 37 °C in a humidifi ed 5% CO 2 atmosphere. After 24 hours (the cells were 20-30% confl uent) the culture medium was replaced with the fresh medium containing NDs ( ND1 or ND4 ) at concentration 200 µg ml −1 . NDs were pre-incubated either half an hour in RPMI medium or one hour in isotonic PBS solution (pH = 7.4) before adding to the cells. After one hour of incubation the cells were washed twice with RPMI medium for removing excess of nanodiamonds. After additional 23 hours of incubation cells were fi xed by 2% formaldehyde solution in PBS at 4 °C. After fi xation cells were washed twice with PBS and subjected to confocal microscopy.
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